Time series from an extensive research survey of juveniles of cod (Gadus Morhua), pollack (Pollachius pollachius) and whiting (Merlangius merlangus) sampled from 1919 to 1994 at 38 stations along the Norwegian Skagerrak coast were investigated. Spatial and temporal analyses were performed to study the spatial pattern of the temporal dynamics of the three fish species. Spatially consistent variations were detected in abundance, year-to-year fluctuation as well as in periodicity. The spatial heterogeneity occurs at a meso-scale (differences between fjords) and at a local scale (differences between stations within a fjord) for the three gadoids. However, the magnitude of the spatial heterogeneity differs between species. Cod and whiting, which are more abundant in sheltered areas, show higher spatial variability than pollack, which is more abundant in exposed locations. In this way, the spatial pattern of abundance appears to be linked to the scale of variability of the species. All three species exhibit periodic fluctuations of 2-2.5 years in their optimal habitats, which probably results from intrinsic interactions in a agestructured population, such as densitydependent competition and cannibalism. In addition, all the species exhibit long-term trends possibly due to extrinsic forces, such as environmental changes or anthropogenic influences.
Introduction
Fish stocks are known to fluctuate extensively over large spatial and temporal scales (e.g. Cushing 1982 , Lavaestu 1993 . Several biotic processes may induce such fluctuations. At the beginning of this century, Hjort (1914) suggested that year class strength depends upon the food availability for larvae and post-larvae. This hypothesis has been further developed into the match-mismatch concept, which has been the subject of several investigations to explain mortality of young stages and resultant stock variations in space and time (e.g. May 1974 , Cushing 1982 , Brander 1994 . Other biological factors, such as predation, competition and cannibalism, may however also influence the early survival in marine fish (Bailey & Houde 1989 , Myers & Cadigan 1993 , Fortier & Villeneuve 1996 . Variation in fish abundance is furthermore linked to abiotic environmental influences, such as changes in temperature, salinity, wind field and currents (e.g. Cushing & Dickson 1976 , Southward et al. 1988 , Cury & Roy 1989 , Ellersten et al. 1989 , Dickson & Brander 1993 , Ottersen & Sundby 1995 , Conover et al. 1995 . Human exploitation is another process that strongly affects fish dynamics and has been identified as the main cause of the collapse of several regional fish stocks (e.g. Garrod & Shulmacher 1994 , Hutchings 1996 , Cook et al. 1997 . Thus, the causes of fish stock fluctuations are complex and depend upon a variety of direct and indirect effects of biological, environmental and anthropogenic origins. This complexity is likely to be at the core of the difficulty in understanding the mechanisms underlying spatio-temporal patterns of fish abundance (Wooster & bailey 1989 , Brander 1994 . The study of these patterns is further complicated by the fact that analyses are commonly based on fishery landings, since data on the youngest stages are generally unavailable.
Here, we present results from analyses of spatial patterns of abundance of fish in their first year life (0-group), sampled at fixed stations across an extensive area (the Norwegian Skagerrak coast) from 1919 to 1994. We focus on the coastal populations of three major Gadoid species: cod (Gadus morhua L.), pollack (Pollachius pollachius L.) and whiting (Merlangius merlangus L.). Considering (1) the key role of young stages in the dynamics of fish populations, and (2) the fact that the spatial scale of variability in these stages should provide information on the processes involved (Myers et al. 1995) , our purpose is to describe the spatial patterns of the temporal dynamics of the juveniles of cod, pollack and whiting along the Norwegian Skagerrak coast. Through this study, we aim to answer the following ecological questions: (1) Are the temporal fluctuations spatially structured and how does the spatial location influence the temporal dynamics of these fishes? (2) What is the magnitude of the temporal fluctuations of these coastal populations? (3) What are the long and shortterm patterns of fluctuations and are there evidence of cyclic variations? (4) How do the three species compare with respect to spatial distribution and temporal dynamics? Probable regulating and disruptive processes related to biotic and abiotic conditions are subsequently discussed.
Material

The Flødevigen data set
The Flødevigen sampling program was initiated in order to study the effect of releasing cod larvae to enhance the cod stock. Several papers based on this data set and associated data have been published on this topic. For a summary, see Tveite (1971) , Gjøsaeter & Danielssen (1990) and Johannessen & Sollie (1994 long ropes (in some stations 30m ropes were used). The stretched mesh size is 1.5 cm. The seines have been replaced several times but all have been made according to a same prototype. The area covered by one haul is up to 700 m 2 (about 1000 m 2 with the 30m ropes). The maximum depth sampled varies between sites, but ranges from 3 to 15 m. The count and the classification of the species has always been done by the leader of the operation and there have been only two leaders since 1919. Therefore, the sampling is likely to have been carried out in a highly consistent manner (see Johannessen & Sollie 1994) .
Sub-data set used for this study
Among the species caught, we study data on cod, pollack and whiting from 38 stations sampled from 1919 to 1994 (one observation per year). These species were selected because they are among the more abundant species along Skagerrak coast (and thus present high frequencies in the survey data) and have high commercial value.
The 38 stations were selected because the time series from these were complete or near complete over the 1919-1994 period (Table  1) . The distance between the most distant stations is about 210 km. The stations are classified into 10 different regions ( Fig.1 and Table 1 ), each containing between 2 and 8 stations. Torvefjord, Bufjord, Flødevigen and Stølefjord correspond to coastal areas directly open to the Skagerrak Sea. Høvåg and Soppekilen are defined as enclosed coastal areas. Topaldalfjord, Sandnesfjord, Søndelefjord and Kilsfjord represent typical fjords within which the stations located at the entrance of the fjord are more exposed than the stations inside the fjord.
The Norwegian Skagerrak gadoids
Cod populations from the Norwegian Skagerrak coast are non-migratory and grow faster than the northern Atlantic populations (e.g. the Arcto-Norwegian cod) but slower than those from the North Sea (Daan 1974 , Garrod 1977 , Gjøsaeter 1990 , Danielssen & Gjøsaeter 1994 , Gjøsaeter et al. 1996 . Maturation occurs at an earlier age than for the North Sea and the northern populations, around 2 to 3 years (Gjøsaeter et al. 1996) .
Little is known about the stock structure of pollack and whiting from the Norwegian Skagerrak coast. Pollack is caught together with cod in the coastal fisheries, but the landings are small (Anonymous 1993a) . Nothing is actually known about the feeding ground of the whiting population. Only juveniles of the 0-group are usually caught in shallow waters and in the fjords. Older fishes seem to migrate into deeper water. Most fisheries are linked primarily to cod and secondarily to pollack. No fishery is specifically directed towards coastal whiting.
Numerical analyses
The data were log-transformed (using the natural logarithm) to stabilise the variance (e.g. Sen & Srivastava 1990) . Such a transformation is furthermore biologically reasonable since population dynamics are largely governed by multiplicative processes (Williamson 1972) . Before the logtransformation, a constant of unity, i.e. the lowest possible catch value, was added due to the occurrence of zeros.
During the second World War (1940) (1941) (1942) (1943) (1944) , the sampling was interrupted at all the stations, except at the two stations from Flødevigen (Table 1) . During the pre-war period, 29 time series (i.e. stations) of the 38 are complete and 9 contain one or two missing values. In the post-war period, 35 time series are complete and 3 have one to three missing values (Table 1) . These short gaps were interpolated using the ZET method (Zagoruiko & Yolkina 1982) . Interpolating the five consecutive war years (1940) (1941) (1942) (1943) (1944) is not feasible because of the extensive variability inherent in these biological time series and insufficient knowledge of the biological processes.
Each species was hence represented by a matrix of 38 series of log-abundance across 71 years (the 1919-1994 
Spatial patterns and correlation
For each species, we computed the average of the log-abundances over the 71 years. We thus obtained the 'average spatial pattern' of each species, which is represented by a vector of 38 values. The purpose of this is to detect locations of high and low abundance for each species and to permit a quantification of co-occurrence between species. Comparisons between the 'average spatial patterns' of the three species were made using the Pearson correlation coefficient.
Because of spatial autocorrelation in the three 'average spatial patterns', the assumption of independence, that is required in the usual test of correlation, is violated (see e.g. Legendre 1993) . We therefore applied a spatiallycorrelated-error model to correct for this (using SpaceStat ver. 1.80; Anselin 1995) , in which spatial correlation was taken to be inversely proportional to the squared distance between the stations.
Five of the 10 regions have both sheltered stations inside fjords and exposed stations at the entrance of fjords (Table 1) . To test for consistent differences in abundance between inside and outside stations, we performed simple Mann-Whitney tests. The MannWhitney test between two samples (here a sample being a series of 71 years) is the nonparametric analogue of the paired t-test between two samples, but is both more appropriate and powerful for non-normal distributions (Zar 1984) . Thus, we performed one Mann-Whitney test for each species at each of the 5 regions (15 tests in total). Because of both spatial and temporal autocorrelation in the data, the assumption of independence is also violated. We do not, however, see any statistical remedy for this. We resort therefore to interpret the level of significance (fixed at 5%) with care. We stress, however, that the level of significance is not very critical to the analysis, since our purpose is to check for a consistent pattern over the 5 studied fjords.
The Mantel test (Mantel 1967 ) was also performed to investigate the consistency of the spatial structure in the data of each species. In our application of this test, the null hypothesis H 0 is: correlations between the 38 time series of a given species are independent of the geographical locations of these time series. This test is analogous to the linear correlation between two vectors of distances (Smouse et al. 1986 ). To perform it, we had to calculate three matrices of biological distances (one for each species) and a matrix of geographical distances. The matrix of biological distances corresponds to the distances between the 38 time series of a species (measured by one minus the pairwise correlation coefficients between the 38 time series). The matrix of geographical distances corresponds to the distances in kilometres between all stations. The test was performed for each species as the correlation between the matrix of biological and geographical distances. Due to interdependence between distances, a permutation test was used to evaluate the level of significance (Legendre & Fortin 1989) . Repeatedly permuting at random the geographical matrix, followed by recomputation of the correlation, produces an empirical null distribution against which the actual value of correlation is tested (10,000 permutations were made for each Mantel test).
Temporal patterns and correlation
To identify the main temporal patterns of All the above analyses refer to the time domain. In order to extract the patterns of periodicity, we analyse the series in the frequency domain. Spectral analyses were performed on the 38 series of each species for the 1945-1994 period. As most of the series display long-term trends and as the data are non-seasonal (one point per year), the series were made stationary by computing the first order difference (Chatfield 1989); specifically, denoting x(t) the logarithm of the abundance at time t, the first order difference of the series is: y(t) = x(t+1) -x(t); y(t) corresponds, in a loose sense, to the interannual population growth.
Applying first order differencing lead to emphasis of short-term oscillation (lower than 10 years). We chose this because the longer periods, i.e. trends, are investigated within the PCAs on log-abundance (see section 'Temporal patterns and correlation'). The spectral decomposition transforms each time series into a sum of sine and cosine functions of different period lengths. The raw periodogram is the usual way to summarise this decomposition. However, it is a poor statistical descriptor of the spectral density, since it is not consistent (Priestley 1981) . We, therefore, used a Parzen smoothing window, with a width of 5, as recommended for short time series (Priestley 1981) . In order to test for significance of the periodic fluctuations in the differenced series, a permutation test was used. Repeatedly permuting each series at random, followed by recomputation of the first order difference and spectral analysis, produces an empirical null distribution against which the actual periodic fluctuation is tested (5,000 permutations were made for each series).
After the spectral decomposition, each species is represented by 38 series of spectral densities (one per station). A PCA was then performed for each species on the matrix of spectral densities, to identify the dominant frequencies of each species across the 38 stations. Mapping of the row-scores, using the computer program ADE (Chessel & Delédec 1992) , was performed to describe the spatial distribution of these main frequencies (see Bjørnstad et al. 1996 for a detailed discussion). each species, i.e. the average of the log-abundances over the 71 years in each station, for cod (2a), for pollack (2b) and for whiting (2c). Each series is centred around its mean (calculated over the 38 stations). Black circles correspond to stations having a log-abundance higher than the mean (i.e. positive value) and white squares to stations having a log-abundance lower than the mean (i.e. negative value). The size of the symbols is proportional to the absolute value in each station.
Results
Spatial patterns and correlation
The 'average spatial patterns' indicate relatively high differences in abundance from one location to another (Fig. 2) , especially for whiting. The differences between the highest and the lowest logtransformed values are 3.5, 2.3 and 4.8 for cod, pollack and whiting respectively.
High abundances are generally found at different locations for the three species. These are: Topalfjord, Bufjord, Flødevigen and some stations of Sandnesfjord and Kilsfjord (areas 2, 4, 5, 6 and 9) for cod (Fig.  2a) ; Torvefjord and at the outside stations of Høvåg and Søndelefjord (areas 1, 3 and 7) for pollack (Fig.2b) ; and some stations of Topalfjord, Flødevigen, Sandnesfjord, Søndelefjord and Kilsfjord (areas 2, 5, 6, 7 and 9) for whiting (Fig.2c) . Low values are recorded for cod and whiting at Høvåg, Soppekilen and at the outside stations of Søndelefjord (areas 3, 7 and 10), whereas low values of pollack are mainly situated at Kilsfjord and Soppekilen and at the inner stations of Topalford , Høvåg and Sandnesfjord (areas 2, 3, 6, 9 and 10). The correlation coefficients between the three 'average spatial patterns' corroborate the previous observations (Table 2) : only the correlation between cod and whiting is high and significant. This suggests that these two species have similar habitats, being different from that of pollack.
The similarity between cod and whiting is also apparent from the results of the MannWhitney tests, that compare abundances inside and at the entrance of a same fjord. In 100% of the cases (i.e. in the 5 studied fjords), cod and whiting show significant higher abundance for stations inside the fjord.
In contrast, pollack shows significantly higher abundance at the entrance stations in 4 fjords of the 5, and no significant differences in the remaining case. Thus, a clear contrast appears between pollack on one hand, for which the preferential habitat appears to be in more open waters, and cod and whiting on the other, for which the preferential habitat seems to be in the sheltered waters.
These results suggest high spatial variability. Thus, it must be determined whether the temporal fluctuations of the juveniles of these three species are spatially structured at all. The Mantel tests clearly indicate that there is a spatial structure in the temporal variations of the three species, and that differences in temporal patterns from one location to another partially depend on geographical distance between locations. The Mantel correlation coefficients between fish temporal dynamics and geographical locations are 0.25, 0.18 and 0.24 for cod, pollack and whiting respectively, being significant at the 0.1% level for cod and whiting and at the 1% level for pollack. It appears that the spatial structure is more pronounced for cod and whiting than for pollack.
Temporal patterns and correlation
The three first axes of the PCA on logtransformed data encompass 67% of the total variance for pollack, 52% for cod and only 42% for whiting.
The first axis, corresponding to the dominant temporal pattern, accounts for a varying percent of the total variance in the three species (Fig. 3a,b,c Table 2 . Pearson correlation coefficients between the 'average spatial patterns' of the three species. Because of the presence of spatial autocorrelation in the series, a spatially-correlatederror model was performed using SpaceStat ver. 1.80 (Anselin 1995) , to obtain an unbiased estimate of the level of significance of each correlation coefficient (spatial weights being inversely proportional to the squared distance between the stations).
stations for pollack, 78% of the stations for cod, and 31% of the stations for whiting. The pollack is clearly most synchronous across the studied area.
For cod and pollack, the trends are quite similar: a decline from the 1919 to 1939, followed by an increase marked by the outburst of the 1955-1965 years (stronger for cod) and a second decline during the 30 last years (with a second short period of high abundance around [1972] [1973] [1974] [1975] ). It appears that the second decline, which is more conspicuous for pollack, began somewhat earlier than for cod. The year-to-year fluctuations are furthermore relatively synchronous between these two species. Correlation analysis confirms that cod and pollack have similar trends as well as similar year-to-year fluctuations (Table 3) .
For whiting, the trend is characterised by a long and regular increase from 1919 to the middle of the sixties and a subsequent decline during the most recent years (Fig.  3c) . Correlation coefficients between the dominant temporal patterns of the three species confirm that the one of whiting is very different from those of cod and pollack (Table  3) . Nevertheless, correlation coefficients between the diferenced series of these dominant temporal patterns show that the year-to-year fluctuations of the whiting are significantly correlated with those of cod, but not with those of pollack. For each species, a Principal Component Analysis (PCA) was computed on the covariance matrix of the log-abundances, using stations as descriptors. Figures correspond to the row-scores of axis 1 (the dominant temporal pattern) and of axis 2 (the secondary dominant temporal pattern) of the PCA, for cod (3a, 3d), for pollack (3b, 3e) and for whiting (3c, 3f). The percentage of variance associated with each axis is given in parentheses. The plots take into account the gap corresponding to the missing values of the World War years (1940) (1941) (1942) (1943) (1944) . The periods 1919-1939 and 1945-1994 were subsequently fitted separately with a third order polynomial function to highlight the trends. Dashdot line represents the mean of the series (calculated over the 71 years).
For cod, the second axis (i.e. the secondary dominant temporal pattern) displays a clear downward trend until 1960 following by an upward trend until the middle of the eighties (Fig. 3d) . This secondary temporal pattern is found in a low number of stations (mainly at the Northeast areas: Søndelefjord and Kilsfjord), where the dominant pattern is not observed. For pollack, the second axis accounts for a very small percentage of the total variance (10 times lower than the first axis). This axis corresponds to a strong drop in abundance during the thirties (Fig. 4e) , and it is found mainly at some stations of Høvåg, Kilsfjord and Soppekilen. For whiting, the second axis displays high abundances from 1919 to 1950, a regular decline during the 30 following years and a slight increase in the last years. As for cod, this secondary pattern occurs in stations (mainly at Northeast areas: Sandnesfjord and Kilsfjord), where the dominant pattern is not observed.
The results of the PCA stress the presence of pronounced regional differences. This is firstly shown by the low percentages of variance explained by the three first axes (especially for whiting). Secondly, the Northeast stations display, for cod and whiting, a very different temporal pattern from the dominant one, which mainly occurs for these two species in Southwest stations. The dominant pattern is, however, much more pronounced for pollack than for cod and whiting. Furthermore, it appears that the dominant patterns of cod and pollack are both different from that of whiting. Nevertheless, there has been a clear drop in the abundance of the three species since the seventies, but less pronounced for whiting than for the two other species.
Patterns of Periodicity
The permutation tests for the spectral densities on differenced series revealed significant (5% level) short-term periodicity (2-5 years) in 50%, 34% and 68% of the stations and significant longer periodicity (>5year) in 11%, 26% and 8% for cod, pollack and whiting respectively (in the other stations no special periodicity was found). Hence, all species show evidence of high frequency variations, especially cod and whiting for which the long-term trends are less pronounced (see section 'temporal pattern and correlation').
To summarise the patterns of periodicity, a PCA was performed on the 38 series of spectral densities of each species. The first axis, that detects for each species the dominant pattern of periodicity across the 38 stations, encompasses 69%, 56% and 50% of the total variance for cod, pollack and whiting, respectively (the first three axes capture 92%, 92%, and 87% of the total variance). This indicates that the first axis captures the bulk of the total variation in spectral densities.
For the three species, the dominant frequency identified by the first axis of the PCA is around 2-2.5 years (Fig. 4a,b,c) . Series (stations) that do not display this main cycle, exhibit no special periodicity and spectra resemble to those expected for series of random numbers (Fig. 4a,b,c) . The second and third axes modulate the dominant periodic behaviour in series exhibiting a clear maximum at 2-2.5 years. The second Table 3 . Pearson correlation coefficients between the dominant temporal patterns of the three species (i.e. the row scores of the first axis of the PCAs on the log-abundances). Due to autocorrelation in these series, a temporally-correlated-error model (using PROC AUTOREG, SAS Institute 1990) was used to test the level of significance (a first order autoregressive model was assumed for the error). Correlation coefficients were also performed on the first order differenced series (italic number), to distinguish correlation resulting from similar long-term trends between species from those which are only due to synchronous year-to-year fluctuations between species.
axis distinguishes, for the three species, stations exhibiting a purely 2 years fluctuation from those showing a 2.3-3 years periodicity (Fig. 4d,e,f) . The third axis distinguishes, for each species, stations with a 2-2.5 years period from those having a 3.5 years periodicity (Fig. 4g,h,i) . Hence, the dominant patterns of periodicity in the differenced time series are similar between species and all three exhibit either the 2-2.5 years oscillation or aperiodic behaviour. Figure 5 depicts the spatial distribution of the row scores of axis 1 (axes 2 and 3 are not shown as they account for a small part of the total variance). The periodic patterns show consistent spatial variations, that vary between the three species. These patterns result from differences occurring at a mesoscale (differences between fjords) and at a local-scale (differences inside a fjord).
For cod, the pattern of periodicity appears strongly related to the level of abundance (Fig. 6a) ; the higher the average abundance in a station, the stronger is the evidence of a 2-2.5 years cycle. Areas or fjords that exhibit low abundance (Høvåg and some stations of Søndelefjord) do not display periodic fluctuations (open squares in Fig.  5a ), whereas areas with high abundance (Topdalfjord, Bufjord, Flødevigen) show clear evidence of 2-2.5 years cycle (black circles in Fig. 5a ). The spatial pattern is Figure 4 . Spectral densities, using a Parzen widow (width 5), were estimated from the 38 first differenced time series of each species. For each species, a PCA was computed using spectral densities as descriptors. The three first axes encompass 92%, 92%, and 87% of the total variance for cod, pollack and whiting respectively. For the three species, axes 1 of the PCAs distinguish stations with a 2-2.5 years cycle (solid line) and stations with no special periodicity (dotted line). The second and third axes modulate the dominant periodic behaviour in series exhibiting a clear maximum at 2-2.5 years. Axes 2 discriminate stations exhibiting a purely 2 years fluctuation (solid line) with those showing a 2.3-3 years periodicity (dotted line); and axes 3 distinguish stations with a 2-2.5 years period (solid line) and those having a 3.5 years periodicity (dotted line). consistent at local scale. The stations situated inside the fjords or areas display clearer 2-2.5 years cycles than those situated at the entrance or outside of the fjords. This is especially obvious for the Topdalfjord, Flødevigen and Sandnesfjord areas (Fig. 5a ).
For pollack, a similar relationship between the level of abundance and the periodicity is also apparent (Fig. 6b) . Areas with high abundance (Torvefjord, Søndelefjord), show clear 2-2.5 years fluctuation (black circles, Fig. 5b ). In contrast, areas with low abundance (some stations of Topdalfjord, Høvåg, Sandnesfjord and Soppekillen) generally do not display any clear periodicity (open squares, Fig. 5b ). Differences between stations located inside and outside of fjords also occur, but in contrast to cod, the inside stations generally display less clear cycle than the outside stations, as it is seen at Topdalfjord, Høvåg and Søndelefjord (Fig. 5b) . This reflects the shift in areas of high abundance, cod being more abundant inside fjords while pollack is more abundant outside fjords (above).
For whiting, the spectral pattern is more difficult to interpret and the simple linear relationship between the level of abundance and the periodicity vanishes (Fig. 6c) . Areas with high abundance may display either a clear 2-2.5 years fluctuation (black circles in Topdalfjord and Sandnesfjord, Fig. 5c ), or no periodicity (open squares in the stations at Flødevigen, Søndelefjord and Kilsfjord, Fig. 5c ). However, areas with low abundance (Soppekilen and some stations of Høvåg and Søndelefjord) do not display any periodic fluctuations. Periodicity is generally more apparent at the typical fjords (e.g. Topdalfjord, Sandnesfjord) and at stations inside enclosed coastal areas (e.g. Høvåg), and less manifest at the more exposed coastal areas (e.g. Flødevigen and Bufjord) or at the stations outside enclosed coastal areas (e.g. Høvåg).
Despite important differences between species at meso-scale, there is a relationship between the level of abundance and the evidence of the 2-2.5 years oscillation (Fig.  6) , especially for cod and pollack. Furthermore, spatial patterns of cod and whiting are characterised by some similarities: they generally show clearer Figure 5 . Mapping of the first row scores of the PCAs computed on the spectral densities; cod (5a), pollack (5b) and whiting (5c). Black circles correspond to stations showing a clear 2-2.5 years cycle and white squares to stations exhibiting no periodic fluctuations. The size of the symbols is proportional to the absolute value of the score and thus to the importance of the periodicity.
periodic fluctuations at the more enclosed and inside stations. This is clearly different from that of pollack, which display clearer periodic fluctuations at the more exposed areas.
Discussion
Spatial variations in temporal dynamics
A conspicuous result that emerges from the various analyses, is the presence of a high spatial variability. Firstly, at a meso-scale: some areas or fjords are characterised by high abundance for a given species (e.g. Topalfjord, Bufjord and Flødevigen for the cod) whereas others locations display consistently low abundance (e.g. Høvåg for the cod). Secondly, at a local scale: the species are not regularly distributed at the scale of the fjord; significant differences occur between interior and exposed stations of the fjords. The spatial variability is also reflected in the low percentages explained by the three first axes of the PCA computed on log-abundance. The spatial heterogeneity is most conspicuous for cod and whiting, for which axes 2 show that Northeast stations display a very different temporal pattern from that of axes 1, which are mainly recorded in Southwest stations. Analyses of periodic fluctuations further highlight spatial variability that result from differences occurring at a meso-scale and at a localscale. At meso-scale, some areas or fjords (varying between the three species) display evidence of 2-2.5 years cycle, whereas other areas do not. At local-scale, cod and whiting generally exhibit clear cycles at interior stations, whereas pollack shows in contrast clearer oscillations at stations located at the entrance of fjords.
In summary, all analyses demonstrate that abundance of the 0-groups of these three gadoids from the Norwegian Skagerrak coast are highly variable in space and time. However, Mantel tests, the Mann Whitney tests and the mapping of the results indicate Figure 6 . Scatterplots of the average logabundances in the 38 stations (calculated over the 71 years) versus the first row scores of the PCA computed on the spectral densities (i.e. the magnitude of the 2-2.5 years oscillation); cod(6a), pollack (6b), whiting (6c). The relationships are estimated by simple linear regressions, r that this variability is strongly structured in space.
Comparison of spatial patterns between species
The extent of the spatial variability appears species-specific. Whiting exhibits the highest variability in space, whereas pollack the lowest. For the former species, the variance around the yearly average (based on all the stations) is much higher than for cod and pollack. This is particularly obvious from the PCAs on log-abundance. For pollack, the first axis explains more than half of the temporal fluctuations (with 95% of the stations exhibiting such a pattern). The dominant temporal pattern for whiting, in contrast, only occurs at 31% of the stations and only explains 23% of the total variance. Cod is intermediate between these two.
The Mann-Whitney tests indicate a clear contrast between cod and whiting on one hand and pollack on the other. The former species are more abundant inside the fjords whereas the latter is more abundant outside or at the entrance of fjords. This is consistent with other studies from a smaller area of the Norwegian Skagerrak coast (Gjøsaeter & Danielssen 1990 ) and from the Norwegian west-coast (Godø et al. 1989) , which also showed that cod and whiting were generally located inshore and absent from the more exposed areas, whereas pollack settled at more exposed locations.
Species being more abundant inside fjords or in the protected areas (cod and whiting) exhibit greater spatial variability than the species being more abundant outside of fjords (pollack). The Mantel tests corroborate this, since the spatial patterns of cod and whiting are more spatially structured than that of the pollack. This difference is likely to result from the division of the inner fjords into many, partly isolated habitats, while the outer coastal areas are more homogeneous. Relatively enclosed fjord populations might also show greater variations because they are more dependent on local wind and current changes than more exposed populations (Aksnes et al. 1989 ).
The 2-2.5 years oscillation
Our analyses document an oscillatory component in the three gadoid species, that is dominated by frequencies around 2-2.5 years. This periodic component is closely related to the level of abundance and both are strongly spatially structured. This lead us to postulate that there are optimal habitats along the Norwegian Skagerrak coast (sheltered areas for cod and whiting and more exposed areas for pollack) where level of abundance and periodicity of each fish population are more apparent, and nonoptimal habitats where level of abundance and periodicity are less manifest. The lack of periodicity in some stations may reflect 'source-sink' dynamics (e.g. Pulliam 1988 , Stenseth & Lidicker 1992 . Individual fishes may persist in 'sink' habitats (non-optimal ones), where demographic processes are insufficient to maintain the population, because of immigration from the more productive 'source' habitats nearby (optimal ones).
Periodicity in the fluctuations of agestructured populations depend on the manifestation of competition between cohorts (e.g. Caley et al. 1996) , with periods equal to the generation time or two times the generation time (depending of the kind of the competition involved; Gurney & Nisbet 1985) . For the Norwegian Skagerrak cod, maturation (and thus generation time) occurs at an age of 2-3 years (the two and three years classes constitute 50% and 25% of the spawning stock respectively, Gjøsaeter et al.1996) . Competition between different cohorts of this population is highly probable, since (i) Stenseth et al. (1997) have demonstrated significant density-dependence in recruitment of the Norwegian Skagerrak cod; (ii) cannibalism between stages has been demonstrated for the southern Norwegian cod stock (Hop et al. 1992) ; and (iii) competition for food and space between the older classes and the 0-group are likely to occur in these fjords where the number of habitats is limited (Johannessen, pers. comm. based on diving observations).
Competition for food and space are furthermore consistent with the presence of optimal and non-optimal habitats. Thus, competition between different stages might explain the 2-2.5 years periodicity in the Norwegian Skagerrak cod populations. Such an oscillatory component is likely to be longer for other cod stocks, for which maturation occur around 5 to 7 years (Cushing 1982) . The three species of gadoids have similar life cycle. The conclusions regarding the cod may therefore be extended to understand the 2-2.5 years cycle of pollack and whiting, as well. Consequently, we hypothesise that the dominant 2-2.5 years fluctuation results from biotic processes such as densitydependent survival due to competition for food and space and cannibalism between stages (see Myers and Cadigan (1993) for a related discussion on density-dependent juvenile mortality in marine demersal fish).
Interactions in time and space between species
The correlation analyses document that the three species are related in either space or time. Cod and whiting exhibit similar spatial patterns in abundance, which are likely to be due to similar propensity for sheltered habitats. These two species show divergent long-term trends but their year-to-year fluctuations have similarities. In contrast, cod and pollack display highly similar trends and year-to-year fluctuations, while they show different habitat preferences at a mesoand at a local-scale. Pollack and whiting do not show any relationship in abundance in space nor in time. Under the hypothesis of limited space and food resource, there may be spatial structuring due to interspecific competition. It is however difficult to speculate on this, as the feeding ground of whiting is unknown.
Long-term trends
It is likely that extrinsic forces induce the long-term trends in these populations. Four main reasons lead to this conjecture: (i) intrinsic processes seem to be related to short-term fluctuations (e.g. the 2-2.5 years cycle); (ii) despite distinct local-and mesoscale habitats between cod and pollack, these two species display highly similar year-to-year fluctuations and long-term trends; (iii) all three species showed a strong decline since the seventies; (iv) the literature often refers to external influences to explain trends in fish populations, either through overfishing (e.g. Garrod & Shulmacher 1994 , through variations in food availability (e.g. Skreslet 1989 , Cushing 1995 , Sundby 1995 , or through climatic and hydrographic changes (e.g. Koslow et al. 1987 , Cury & Roy 1989 , Ellersten et al. 1989 , Dickson & Brander 1993 , Mann 1993 , Conover et al. 1995 , Ottersen & Sundby 1995 .
Long-term trends versus environmental changes and overfishing
Two important environmental changes have taken place along the Norwegian Skagerrak coast during the period for which the recent decline of these three fish populations has occurred: (i) a severe decline of Calanus finmarchicus , from which the nauplii and the first stages of copepodits constitute the major resource of fish larvae (Ellersten et al. 1981 , Skreslet 1989 , Thorisson 1989 , Brander & Hurley 1992 ; and (ii) an eutrophication and a subsequent decline in the oxygen concentrations of the Norwegian Skagerrak coastal waters (Aure et al. 1996 , Johannessen & Dahl 1996 .
The presence of a strong decline during the twenties and the thirties in cod and pollack series points also to the possibility of an environmental impact. Effects of meteorological and hydrological conditions on the temporal dynamics of early stages of fjord populations have been already shown.
For instance, Johannessen & Tveite (1989) suggested that the water mass stability might be important during March-April for the magnitude of the year classes of the Norwegian Skagerrak cod. Aksnes et al. (1989) concluded that the level of the biomass and the stability of mesozooplankton predators, as early stages of cod, may depend on the strength and variability of the transport processes. Lindahl and Hernroth (1988) also pointed out the importance of advective processes in regulating zooplankton biomass, the primary source of food for fish larvae.
Besides these relationships between meteorological factors and fish, it appears that the bottom flora coverage over the Norwegian Skagerrak coast (mainly Zostera marina) have greatly fluctuated during this century. Zostera marina declined abruptly and severely during the thirties due to a sea grass illness, then recovered from 1945 to 1965 and have displayed a slight decrease since then (Johannessen & Sollie 1994) . These fluctuations, which fit cod and pollack long-term trends until the mid-sixties, could lead to important consequences for juveniles and adults fish, which mainly feed on the bottom fauna.
Little is known about the fishing effort on these coastal populations, but it is likely that the fishing effort has been fairly constant along the Norwegian Skagerrak coast since the beginning of the century. The recent decline of whiting is less pronounced than for cod and pollack, for which impact of coastal fishing is more conspicuous. Hence, we cannot dismiss 'recruitment overfishing' (i.e. overfishing that would affect recruitment and not only the parent stocks, see as a cause of the recent decline. Nevertheless, the overfishing hypothesis (with constant or increasing effort) cannot entirely explain the origin(s) of long-term trends, in particular why cod and pollack strongly declined during the thirties and then increased to reach high abundance from 1955 to 1965.
Further work is needed to determine the origin(s) these long-term trends. The hypotheses developed above must be further tested. Furthermore, the amplitude of the hydrological and climatic changes in the Skagerrak area has also to be studied, as well as the impact of global events, such as the North Atlantic Oscillation (Hurrell, 1995) .
Conclusion
The present study of the 0-group of three Gadoid species from the Norwegian Skagerrak coast lead to five main conclusions: (i) there is a large spatial variability in the abundance as well as in the patterns of year-to-year fluctuations. This is strongly structured in space and occurs at a meso and at local scales; (ii) the degree of spatial variability is species-specific, cod and whiting which are more abundant in the sheltered areas exhibit higher spatial variations than pollack which is more abundant in more exposed areas; (iii) temporal dynamics of these populations appear more regular in areas of high abundance (in optimal habitats); (iv) the three species exhibit periodic fluctuations of 2-2.5 years in their optimal habitats, which possibly results from intrinsic interactions in a age-structured population, such as densitydependent survival due to competition and cannibalism; and (v) the long-term trends account for a large part of the total temporal variability, and are likely to be induced by extrinsic forces, such as environmental changes or anthropogenic influences.
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